A hysteresis model based on the assumption of fixed order magnetization reversals is proposed. The model uses one-dimensional diagram for representing state of the ensemble of domains despite of two-dimensional Preisach diagram. Applications to problems of hysteresis simulation and energy transformations are considered.
I. INTRODUCTION
The problem of hysteresis modeling is a subject of persistent interest.
The most popular Preisach model, based on consideration of the ensemble of domains, was proposed many years ago, and the model and its variants are extensively studying now. It assumes that all the domains have square hysteresis loop with different coercivity h c , and actual interaction between the domains can be replaced with invariable internal fields h b acting on each domain. These assumptions lead to so called "return point memory", the property of real systems with hysteresis that is considered as one of the most sufficient for hysteresis modeling 1 , 2 . Postulates of Preisach model admit easy analysis of the behavior of the ensemble via representation of state of the ensemble as a diagram at the (h c , h b )-plane.
A simple model described in this article uses very different postulates; however, it is simlar to Preisach model in that it deals with an ensemble of domains, is compliant with the return point memory, and can be easily analyzed.
II. DESCRIPTION OF THE MODEL
Let us assume that a ferromagnetic specimen is partitioned into a number of domains N , so that each of them reverses its magnetic moment in one Barkhausen jump. For the ferromagnetic specimen of unit volume its magnetization can be written as
where m α and x α denote the absolute value of the magnetic moment and its direction respectively for each domain. The state of the ensemble of domains is characterized by the vector x = (x 1 , x 2 , . . . , x N ) with components equal to +1 or −1.
The basic assumption of the model is that the Barkhausen jumps follow always the same order independently of the sign of the time derivative of the magnetic field H. The rules describing the behavior of the domains can be postulated as follows:
1. When the magnetic field H increases, the domains of negative orientation change the direction of the magnetic moment x α from the value −1 to +1 one by one in the order of increasing α.
2. When the magnetic field H decreases, the domains of positive orientation change the direction of the magnetic moment x α from the value +1 to −1 one by one in the order of increasing α.
3. Each configuration x = (x 1 , x 2 , . . . , x N ) of the ensemble has a value of the external magnetic field
near which the configuration is stable.
When the vector x changes according to the rules 1 and 2, the points defined by Eq. (1), (2) form a trace in the HM -plane. It is easy to realize that due to the rules 1, 2 the specimen in our model exactly obeys return point memory.
At the saturation points all the components of x are equal to +1 in large positive field +H m and −1 in large negative field −H m .
Demagnetized state can be obtained as the result of applying to the specimen alternative magnetic field of slowly decreasing magnitude. In general, demagnetized state is not a single state. Let us take as 'pure' demagnetized state the pair of states (+1, −1, +1, . . . , ±1) and (−1, +1, −1, . . . , ±1).
If the domain configuration x is stable in the external field H, the −x configuration is stable in −H. This fact means that the function H(x) must be odd and reflects the symmetry of the hysteresis loop with respect to the coordinate origin of the HM -plane. Some other functions, such as energy of the specimen, do not change when all the magnetic moments reverse its sign; these functions must be even.
The state of the specimen can be exhibited in the form of the plot x α versus α. This plot is similar to Preisach diagram, but the plot itself and its transformations during the magnetization process are more simple (Fig.1) . Now let us consider the next two problems:
ii) determining interaction between the domains which provide the behavior postulated above.
III. EXTERNAL MAGNETIC FIELD AS A FUNCTION OF A STATE
All that we need for hysteresis curve simulation, is H(x 1 , . . . , x N ). 
where h α are some positive constants.
Assume that all the Barkhausen jumps are small, and the sums Eq. (1), (3) can be approximated as integrals:
Here ξ is continuous variable that indicates the fraction with respect to the total number of Barkhausen jumps, ξ = α/N ; the state of the ensemble is described with a function x(ξ), x(ξ) = ±1; positive, supposedly smooth functions m(ξ)
where ∆M and ∆H are changes of M and H starting from the origin of new ascending hysteresis branch. Similarly, it can be shown that the same equations are true for the descending branches.
We can see that from Eq. (3) follow that all the hysteresis branches are described with the same function ϕ, which is determined by Eq. (6):
Let us divide the interval [0, 1] into 2n equal subintervals, and define the state x (0) so that x (0) (ξ) = −1 at odd subintervals and x (0) (ξ) = +1 at even ones. In accordance with the model postulates we may consider x (0) (or −x (0) ) as demagnetized state, which is obtained via demagnetization process performed as consequence of n demagnetization cycles. From Eq. (4), (5) and continuity of m(ξ) and h(ξ) follow that H(
On the initial magnetization curve only a half of components of x reverse its sign, and instead of Eq.(6) we have
so on the initial hysteresis curve holds
Approximation of ϕ −1 in Eq. (7), (8) with two first terms of Taylor series gives Rayleigh relations 3 , so that 'linear' approximation of H(x) is suitable in the case of small fields. H(x1, . . . , xN ) For representing hysteresis curves of different materials we must take different functions H(x 1 , . . . , x N ). The next seems to be one of the simplest expressions that can be proposed for H(x 1 , . . . , x N ) in a wide region of the HM -plane:
B One nonlinear expression for
Here a(M ) and b(M ) are some functions; due to the hysteresis loop symmetry a(M ) must be even and b(M ) must be odd.
From Eq. (1), (9) we can found the next explicit equations for branches of the hysteresis curve and the initial magnetization curve
Here ϕ is determined by mα, hα in the same way as it was previously considered, and M 0 , H 0 denote coordinates of the beginning of the hysteresis branch.
These formulae were applied for hysteresis simulation of several kinds of electric steel, and give a good results. As an example, experimental and simulated curves for the specimen of low-alloyed electrical steel are shown at Fig. 3 .
IV. INTERACTION BETWEEN THE DOMAINS
Suppose, for all x α holds −1 ≤ x α ≤ +1, and free energy of the ensemble is some function F (x 1 , . . . , x N ) . Assume, that the thermal fluctuations of the state vector x are small enough, so that a given state x = (x 1 , . . . , x N ) is stable in a given external field H, when Gibbs free energy F (x) − HM (x) has local minimum. Now let us find such F (x 1 , . . . , x N ) that is compliant with the model postulates. For the sake of simplicity let us restrict ourself with the case of quadratic interaction energy, assuming that more complex cases can be studied similarly.
Quadratic expression for domain interaction energy
Let us examine the next expression for the free energy of the ensemble
Here f αβ (= f βα ) are some constants that determine interaction between the domains. There are the next fields acting on each domain x α : i) external magnetic field H; ii) effective field connected with interaction between the domains:
Let us denote c α = −f αα and suppose that all c α > 0, which means that every domain x α has coercive force c α /m α .
Orientation of domain x α is determined by the sum of these fields:
The sign of x α changes when H α = 0; corresponding 'critical value' of the external field H is:
Here the upper index shows the sign of x α . Let us show that with appropriate f αβ the ensemble behaves in accordance with the model postulates and Eq. (3) .
Consider the state x such that x β = −1 for all 1 ≤ β < α, x α = +1, while other x β , α < β ≤ N are arbitrary. According to the postulates 1 -3 and Eq. (3) we must have the next critical field for x α :
Here ε determines the interval in which the states are stable. Comparison of the last equation and Eq. (11) gives:
where
Now we can check that the ensemble determined by Eq. On the descending curve OA the magnetic field decreases, and xα become equal to −1 one by one from left to right. After the point A the magnetic field increases; starting from this point xα becomes equal to +1 one by one, also from left to right. After the point B the magnetic field decreases again and xα becomes equal to −1 in the same succession, and so on. 
